Prion diseases are associated with the accumulation of an abnormal isoform of host-encoded pnon protein (PrPSc).
Introduction
Transmissible spongiform encephalopathies (TSEs), also known as prion diseases, are fatal infectious diseases affecting humans [Creutzfeldt-Jakob disease (CJD), Gerstmann-Straussler-Scheincker syndrome (GSS), fatal familial insomnia (FFI), and kurul, sheep the Hessenl isolate were extremely resistant to proteolytic deavage. Nonglycosylated, proteinase K-treated PrPSc of BSE isolates and of scrapie strain 87V exhibited a 1-2 kD lower molecular mass than PrPSc derived from all other scrapie strains and isolates. With the exception of strain 87V, PrPs' was generally deposited in the cerebrum, cerebellum, and brain stem of different mouse lines at comparable levels. Long-term proteinase resistance, molecular mass, and the analysis of PrPsc deposition therefore provide useful criteria in discinminating prion strains and isolates (e.g., BSE and 87V) that are otherwise indistinguishable by the PrpSc "glycotyping" technique.
in the nervous and lymphatic systems (1) (2) (3) . According to the prion theory, PrPSc itself constitutes the infectious agent (4) . Host-encoded PrPc is widely expressed in neuronal cells as a cell-membrane protein with a molecular mass of 33-36 kD in a fully matured and diglycosylated form. Its physiological function is as yet unknown. In pulsechase experiments on neuroblastoma cells (N2a cells) infected by the scrapie strain Chandler, PrPc had a half-life of less than 4 hr, whereas PrPSc was metabolically stable for 48 hr and longer (5) . In contrast, PrPSc is distinguished from prPc by physicochemical features: it forms insoluble aggregates, the scrapie-associated fibrils (SAFs), also termed prion rods (6) (7) (8) (9) (10) (11) . Furthermore, it is partially resistant to proteinase K digestion (4, 12, 13) ; for instance, proteinase K only deaves off 60-70 resi- dues (the exact number depends on the species and strain of agent) of the 211-221 residues encompassing the amino acid backbone of post-translationally processed PrPSc, leaving behind a resistant core fragment with a molecular mass of [27] [28] [29] [30] kD, if in diglycosylated form. In contrast to PrPc, PrPSC contains a high (3-sheet content (14) (15) (16) .
A variety of different prion strains have been discovered that can be distinguished according to differences in their transmissibility, incubation time, induced clinical symptoms, brain lesions, and resistance to inactivation (17) (18) (19) (20) (21) (22) (23) (24) . Western blot analysis has revealed that nonglycosylated, proteinase K-treated PrPSc of the scrapie strain 87V and of the transmissible mink encephalopathy (TME) strain "Hyper" exhibit a 1-2 kD lower molecular mass than PrPSc accumulated during the infection of mice or hamsters with other scrapie or TME strains (25) (26) . Three different molecular masses of nonglycosylated CJDderived PrPSc have been reported (27) , whereby PrPSc derived from the new variant CJD (nvCJD) clusters into the category of low molecular mass (27) . A low molecular mass was also reported for BSE-derived PrPSc. However, no data are as yet available on the molecular masses of mousepassaged scrapie-derived PrPSc prions obtained from diseased individuals of the same host species.
Comparative analysis of glycoform ratios (nonglycosylated, monoglycosylated, and diglycosylated fraction of PrPSc) is another useful means for discriminating TSE strains (so-called glycotyping). In conventional cases of CJD, GSS, and kuru (27) , as well as in mice infected with the scrapie strains Chandler and 79A, the monoglycosylated fraction is the major compound of PrPSc (28, 29) . In contrast, infections with the nvCJD, BSE, and scrapie strains 87V and 263K lead to the aberrant deposition of diglycosylated PrPSc (27) (28) (29) .
Molecular analysis of the deposited PrPSc has thus provided important criteria for the discrimination of prion strains. It must be noted, however, that PrPSc produced in the course of infection by certain strains or isolates (e.g., BSE and 87V) are hardly distinguishable at all by the glycotyping technique. In the current study, we introduce further criteria for the characterization of strains or isolates. We were able to demon- PrPSc was purified using a modified protocol as described previously (8) . In summary, brain tissue was homogenized in brain lysis buffer (10 mM sodium phosphate containing 10% N-lauryl-sarcosinate, 3 mM phenylmethylsulfonylfluoride (PMSF), and 3 mM N-ethylmaleimide). Cell detritus was pelleted at 20,000 rpm for 5 min and in a further centrifugation step fibrils were pelleted at 100,000 rpm for 30 min. Immunoblot Analysis Electrophoretic separation of proteins by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a mini-slab-gel apparatus (Mini-protein II dual slab cell, Biorad, Munich) was performed with 16% or 20% polyacrylamide gels as previously described (31) . Before loading onto the gels, the samples were suspended in SDS-loading buffer and heated to 950C for 5 min. Proteins were electroblotted onto Immobilon-P membranes (Millipore, Bedford, MA) using a semi-dry blotting system (Biorad .
24 48
Proteinase K-digestion (h) Fig. 3 . Analysis of long-term stability of proteinase K of strains llA, Chandler, and BSE-G propagated in different mouse lines. Prpsc was purified from pooled mouse brain homogenates (mouse lines Tg20, C57BLl6, CD-I, and VM95) and exposed to proteinase K for 1, 3, 6, 24, or 48 hr at mono-and diglycosylated PrP isofonns were determined with the TINA2.0 program and calculated as described (32 PrPSc from field isolates of scrapie, retrieved, and passaged in C57BL/6 mice was as disparate in long-term proteinase K stability as that from the defined BSE and scrapie strains (Fig. IB) . While over 90% of PrPSc from isolate S540 was diminished after 6 hr of incubation, the Hessenl PrPSc isolate was almost entirely proteinase K-resistant. Scrapie isolate S833 along with the BSE isolates showed intermediate susceptibility (34% reduction after 6 hr of exposure). PrPsc of BSE-G and BSE-UK was degraded by 80% and 63%, respectively, after 6 hr of exposure.
In a second set of experiments, the influence of the different mouse lines used for propagation of TSE propagation was observed for the BSE-G isolate or for the scrapie strain Chandler. However, a slight, yet statistically significant difference in long-term proteinase K resistance was found in PrPSc of scrapie strain 22A propagated in VM95 or C57BL/6 mice. This was all the more remarkable, as all PrPSc displayed strain-specific glycotyping patterns independent of the mouse type in which they were tested (data not shown). Thus, depending on the prion strain, the mouse line used as PrPSc source may have an effect, albeit minor, on its long-term proteinase K stability (Fig. 3 ).
Molecular Mass of PrPSc after Proteinase K Cleavage Proteinase K-treated brain homogenates of mice infected with strains BSE, 87V, 22A, Hessenl, Chandler, and 79A were run on high-resolution SDS-PAGE gels and PrPSc bands were visualized by immunoblotting. As expected, the molecular mass of nonglycosylated PrPSc in almost all (Fig. 4) . However, as previously described (25) , PrPSc of strain 87V was cleaved by proteinase K to a 1-2 kD smaller fragment (molecular mass approximately 19 kD). As already demonstrated by the comparison of PrPSc produced in different species, the same characteristic could now be observed for both mouse-passaged BSE isolates: nonglycosylated proteinase K-degraded PrPSc molecules from mouse-passaged BSE isolates exhibited a lower molecular mass than those from the other scrapie strains. This difference was independent of mouse line (C57BL/6 or VM95 mice) used for propagation of BSE PrPSc.
Relative Amounts of PrPSC Deposits Relative amounts of PrPSc deposits induced by the infection of mice with different prion strains or isolates were determined by photoimager recording of immunoblot signals (combined values of all three glycoforms). The most abundant PrPSc accumulation was found in C57BL/6 mice infected with the scrapie isolate Hessenl, which was thus set at 100% (Fig. 5) . Similarly, pronounced accumulation levels were also observed in C57BL/6 mice infected with the mouseadapted strain ME7 (Fig. 5) . Intermediate PrPSc accumulation levels were found in C57BL/6 mice infected by 22A, 79A, Chandler, BSE-G, and BSE-UK. Interestingly, the levels of PrPSc produced were dependent of the respective mouse line used. PTPsc accumulation levels of all strains were lower in VM95 mice. Moreover, the neuronal overexpression of mouse PrPc in transgenic Tg2O mice (a factor of 10) did not give rise to elevated PrPSC amounts after inoculation with Chandler strain. Rather, PrPSc levels were eight times higher in C57BL/6 and five times higher in CD1 than in Tg2O mice.
Distribution of PrPSC Deposits Consistent differences among the TSE strains were also observed with regard to the localization of PrPSc deposits in the brains of scrapie-and BSE-diseased mice (Fig. 6) . In VM95 mice infected with either scrapie strain 87V or with BSE, PrPSc was accumulated largely in the brain stem. Interestingly, both BSE isolates exhibited the same deposition pattern in VM95 mice. In contrast, infection with strain 22A led to major PrPSC deposits in the cerebellum. Scrapie isolates Hes (25) exposed fibril preparations from scrapie strains 263K, 139A, and ME7 to proteinase K and separated the proteins on SDS-PAGE gels. In these experiments, the three typical bands were weaker in varying degrees, indicating that PrPSc of strain 139A was less resistant to proteinase K digestion than PrPSc of scrapie 263K and ME7. Later, similar differences were observed for transmissible mink encephalopathy strains Hyper and Drowsy, the latter being less resistant to proteinase K treatment (26) .
The species and particular breed used for the generation of PrPSc may have an influence on its molecular characteristics. We compared PrPSc generated in a variety of different mouse lines carrying prion alleles Prnpa or Prnpb. These encode mouse PrP differing by polymorphisms at amino acids 108 (Leu/Phe) and 189 (Thr/Val) (33) . According to our results, the effect of these polymorphisms on the long-term proteinase K resistance of PrPSc is not entirely clear. While no differences were found in long-term proteinase K resistance of PrPSc from the BSE-G isolate propagated in homozygous Prnpa C57BL/6 mice and Prnpb VM95 mice, PrPScs of scrapie strain 22A propagated in these two different mouse lines were distinct from another. It has been reported that SAF proteins from scrapie strains ME7 and 87V isolated from different mouse lines differed in sensitivity to proteinase K (34), a result which contradicts that of another study that found no differences between strains 139A and ME7 (35) .
The close linkage between PrPSc and the infectious agent itself is indisputable. It would seem that the strain-specific characteristics of prion diseases are brought about, if not encoded, by differences in the PrPSc conformations. Evidence for different conformations of several PrPSc strains has been demonstrated recently through use of a highly sensitive conformationdependent immunoassay. Several hamster-passaged PrP strains differed in their conformation and each strain exhibited a distinct pattern (36) . The underlying mechanisms for these strain-specific PrPSc conformations are still unclear-either these differences are solely due to variations in structure and conformation of PrPSc or to posttranslational modifications of PrP.
Another unique characteristic of PrPSc from BSE isolates independent of the mouse line used is that proteinase K-treated PrPSc possesses a 1-2 kD lower molecular mass compared to similarly treated PrPSc of other experimental scrapie strains. The same characteristic was revealed for scrapie strain 87V PrPSc. However, none of the three German field isolates of scrapie included in this study induced the accumulation of proteinase K-treated PrPSc with such low molecular mass. Similar differences in the molecular mass of prion proteins were found for scrapie, as well as for BSE and human diseases such as CJD and FFI (27, 34, 37) . A conformational change of strain-specific PrPSc could be one reason for differences in molecular mass, by additional N-terminal amino acids to proteinase K digestion. In addition to mouse lesion profile-scoring (38) and PrPSc glycotyping, this characteristic of BSE-derived PrPSc might therefore provide us with the first distinctive parameter for future discrimination of BSE and scrapie infections in small ruminants.
Total PrPSc amounts were determined in proteinase K-digested homogenates of mouse brain tissues. High levels were found in C57BL/6 mouse brains infected with the scrapie isolate Hessenl and strain ME7, respectively, and the lowest levels were detected in transgenic Tg2O mice infected with Chandler. The formed PrPSc amounts differed in scrapie strains as well as in the mouse line used. In this way, we were able to recognize an influence according to the mouse line used. VM95 mice expressed less PrPSc than C57BL/6 mice independent of the strain.
We compared the levels of PrPSc accumulation in the cerebrum, cerebelium, and brain stem of diseased mice. Substantial differences in the distribution of the PrPSc deposits in these brain areas were found depending on the nature of the strain or isolate. By this criterion, scrapie strain 87V could be distinguished from all other prion strains, including BSE isolates. While strain 87V PrPSc is deposited most abundantly in the brain stem, BSE infection leads to a rather even range of PrPSc deposits in the brain stem, cerebellum, and cerebrum. PrPSc of strain 22A is deposited primarily in the cerebellum of the mice. These results are in agreement with histoblot results on strain 22A mouse brains, with predominant PrPSc staining in the cortex, granular cell layer of the cerebellum, hippocampus, and hypothalamus. Most PrPSc of 87V accumulated in the thalamus, locus ceruleus, and raphe nuclei of the brain stem; very few accumulated in the neocortex, hippocampus, and hypothalamus (39) (40) .
The inoculation of field agents of scrapie into C57BL/6 mice resulted in clearly different patterns. Each isolate had a specific incubation time, a particular amount of formed PrPSc, a characteristic distribution of PrPSc deposits in brain areas, and a characteristic resistance to proteinase K digestion. Scrapie isolate S833 exhibited properties similar to those of strain 22A with regard to proteinase K resistance and PrPSc deposition in brain. This finding suggests that 22A is a representative field strain of scrapie. Moreover, PrPSc glycotyping profiles, molecular mass, and/or long-term PK resistance results obtained indicated that the three German field isolates of scrapie can be distinguished from the BSE isolates.
In summary, these studies have demonstrated that the PrPSc elicited by distinct prion strains and isolates passaged in in-and outbred mouse lines has different but unique, strain-specific properties. Glycotyping of the non-, monoand diglycosylated PrPSc isoforms, as well as analysis of the molecular mass of the protein bands, was not sufficient for providing a clear discrimination of some strains, such as scrapie strain 87V and the BSE isolates. Through differences in long-term resistance to proteinase K digestion, we were able to pinpoint a characteristic that helped us distinguish between these two strains/isolates. Analysis of the deposits and physicochemical characterization of PrPSC in BSE and scrapie strains/isolates thus yield important information for the possible discrimination between strains. Furthermore, it seems that PrPSC strains differ in their structural conformation; this can result in different proteinase K sensitivities, varying PrPSC accumulations, deposition in different brain areas, and individual glycoform patterns.
